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ABSTRACT 
 
 
Metal sealing rings have been used widely in compressors, turbines and hydraulic devices. 
Such rings can extend out due to elasticity, and keep close contact with the valve wall, resulting 
in the formation of a functional seal under pressure. In this project, the failure of metal sealing 
rings is considered. Sealing component failure due to stress relaxation can threaten the safety of 
the whole steam turbine. The object of this study was to examine the stress relaxation response 
and corresponding changes in microstructure of metal sealing rings used in nuclear steam turbine 
under high temperature and applied stress. The two kinds of sealing ring samples were selected 
for GH4145 and GH2132. 
In this paper, all samples were tested by accelerated simulation experiment. The test 
temperature was controlled at 400℃, 600℃, and 800℃. The 400℃ experiments lasted for 10, 20, 
30 and 40 hours, while the 600℃ and 800℃ experiments lasted for 5, 10, 15 and 20 hours. The 
surface morphology was observed by metallographic analysis. It was found that the two kinds of 
sealing ring samples presented with a continuous development of grain coarsening and a decrease 
of the twins when time and test temperature were increased. The prolongation of time and increase 
of test temperature will drive the grain coarsening and reduce the twins faster. Many precipitates 
and inclusions were observed on the surface. The composition of precipitation was examined by 
scanning electron microscopy (SEM). It was further studied by testing samples with applied stress. 
The differences between the two tests and their influence on mechanical properties are discussed. 
The grain coarsening and twinning in the alloy will reduce the stress relaxation resistance of the 
 vii 
 
 
material. Additionally, the precipitates and inclusions in the alloy may adversely affect the stress 
relaxation performance. Sealing rings using the nickel-based superalloys have stronger anti-stress 
relaxation performance than sealing rings made of iron-based superalloys. 
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CHAPTER 1: INTRODUCTION 
 
 
1.1 Case Introduction 
 
Sealing rings are used extensively on compressors, turbine and hydraulic devices. They 
maintain intimate contact with their surroundings by deformation tension, thereby playing an 
important role in sealing, lubrication and the temperature control system. Stress relaxation is a 
common physical phenomenon occurring in many types of materials. It is also the primary reason 
for the failure of many elastic components. The service property and bearing capacity of the elastic 
components that are used at high temperatures are extremely influenced by the stress relaxation. 
On 01/2016, a strange sound, suspected as the collision between metals, came from the 
high-pressure regulating valve when a nuclear steam turbine was operating. Assessment of the 
event indicated that the crash was caused by the wear between the valve and sealing ring. 
Insufficient tension was discovered on the valve sealing ring after disassembling. The design value 
of the opening dimension in free state is about 34-46mm, but the upper opening dimension of the 
failed ring is 24mm and the lower opening dimension is 16mm. The disassembled components are 
shown in Figure 1. Due to the invalidation of the sealing ring expansion, sealing failure led to the 
gas leak which resulted in a collision between the metal ring and valve. 
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Figure 1. The metallic sealing ring of the valve. 
The cause of the strange sound by the primary valve was the elastic failure of the sealing 
ring. Because the real value of under groove width was 3mm greater than the designed dimension 
allowed, the ring could move freely and crash into the valve wall due to the gas flow. After the 
source was confirmed, according to the requirement of important accident dispose, the failed metal 
ring was updated and checked. The result indicated that the failed metal ring was made of GH2136, 
and the new metal ring was made of GH4145 (YB/T 5315-2006 Chinese standard) [1]. 
The object of this study is to identify the factors causing the sealing ring failure. A series 
of experiments were conducted on the old and new metal rings to analyze their failure mechanisms. 
1.2 Nuclear Steam Turbine System 
 
A steam turbine is a rotary motor powered machinery which can transform the thermal 
energy of steam into mechanical energy. The high temperature and high pressure steam flow 
coming from the boiler was guided into the jets while exhausting pressure. These jets push the row 
of rotor blades. As a result, the thermal energy of steam has converted into the mechanical energy 
of the rotor. Relying on other devices, this energy is eventually converted into electricity.  
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Figure 2. The schematics of steam turbine 
The advent of the steam turbine catalyzed the development of the electrical industry. Steam 
turbines play a critical role in modern power plants. Many countries have the ability to develop 
the ultra-supercritical turbine with at least 1200MW. At present, there is demand for new, clean 
energy power generation in our society. Nuclear power is a typical representative of clean power 
production. In addition, according to the thermodynamic principle, the thermal efficiency of the 
thermodynamic cycle increases when the fresh steam parameter increases. The fresh steam 
parameter of nuclear power is typically 5-7Mpa, with a humidity between 0.4-0.5 percent. The 
useful enthalpy drop ratio of nuclear steam is only 60 percent of that of a regular thermal power 
generator. Thus, the mass flow of fresh steam used in a nuclear turbine is 170-190 percent of that 
of equivalent power from a thermal power unit. The volume flow of fresh steam in a nuclear turbine 
is 250-350 percent of that of an equivalent power fossil power plant. The volume flow of exhausted 
gas of a nuclear turbine is 165-175 percent of an equivalent power fossil power plant [2]. However, 
nuclear power plants are facing the challenges of technological and operational safety. For 
instance, there are different requirements for different nuclear reactors. As with many regular fossil 
power plants, the development of higher powered turbines was constrained by materials.  
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1.3 Sealing Sing 
 
The sealing ring is an important part of internal combustion engine, compressor and 
hydraulic equipment. Its main function is to ensure equipment maintains airtight conditions during 
operation. Additionally, the sealing ring plays a role in heat transfer and oil regulation, steam and 
compressor operation, lubrication and temperature regulation. Because nuclear steam turbines run 
at a high temperature, high pressure, and high RPM, the motion of the sealing ring in its slot is 
complex. Both lateral movement and axial movement from vibration due to the pressure and 
friction between ring and wall are factors in its motion.  
A typical sealing ring can be separated into upper-surface, lower-surface, inner-surface and 
outer-surface during the installation process. There are many types of sealing ring interfaces, the 
most common type is straight. The types with stairs, chamfer and other aspects are much more 
complex for fabrication and could be used in different situations. According to the cross-section, 
sealing rings can be divided into several types. The surface opening and grooving design satisfies 
the requirements of lubrication and the creation of an oil reservoir. A mosaic cross-section has 
better performance and wear resistance when constantly running. Cone and scraper types enhance 
oil regulation and sealing. 
1.4 The Principle of Sealing 
 
The piston needs to exhibit adequate stiffness and strength with reasonable shape and wall 
thickness. It is ideal to have a small generating surface and coefficient of thermal expansion, while 
at the same time possessing a good calorific intensity [3]. 
There are two types of sealing, including clearance sealing and ring sealing. Clearance 
sealing is a common method used in various conditions. Its operation depends on the small gap of 
relatively motionless components, so it needs very accurate machining. There are many ring 
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grooves in the outer wall of the piston; its function is to give the piston an adaptive position 
capability. Due to the geometries and coaxiality error, the oil distributed unequally in the gaps, 
which results in an imbalanced radial force, is also called the hydraulic sticking force. The ring 
grooves can balance the radial force, causing the piston to center itself. The leakage of the 
concentric gap is much lower than that of the eccentric gap.  
Sealing ring operation depends on the tight attachment between the elastic ring in the 
groove and the sleeve wall. Its performance is better than clearance sealing, and it can be used in 
a large range of pressures and temperatures. It was used in the regulating valve discussed in this 
paper. Figure 3 is the schematic of the high pressure regulating valve and its sealing system. 
 
Figure 3. The schematic of the high pressure regulating valve and its sealing system. 
1.5 High Temperature Alloy 
 
A high temperature alloy, or superalloy, which meets the requirement of an aircraft 
combustion gas turbine, has several key characteristics: excellent mechanical strength, resistance 
to thermal deformation, and resistance to corrosion or oxidation. 
Superalloys have many classification methods for different standards. According to the 
major element, it can be classified as Fe-based, Ni-based or a Co-based superalloy. On the basis 
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of the manufacturing process, the superalloys are divided into wrought, casting and powder 
metallurgical superalloy. For example, GH2132 and GH4145 are two experimental materials we 
used in this paper. GH2132 is an age-hardening, Fe-based wrought superalloy. Gh4145 is an age-
hardening, Ni-based wrought superalloy.[3] 
Superalloys develop high temperature strength through solid solution strengthening. An 
important strengthening mechanism is precipitation strengthening which forms secondary phase 
precipitates such as proeutectic cementite and proeutectoid cementite phases[4]. In modern Ni-
based superalloys, the γ'-Ni3(Al,Ti) phase present acts as a barrier to dislocation motion. For this 
reason, this γ' intermetallic phase, when present in high volume fractions, drastically increases the 
strength of these alloys due to its ordered nature and high coherency with the γ matrix. The 
chemical additions of aluminum and titanium promote the creation of the γ' phase. 
1.6 Common Failure of Material 
 
The metal sealing ring will suffer from external forces during service, resulting in its 
deformation. Additionally, the internal structure and related performance, especially the elastic 
property, will change significantly with the process of deformation. When the force exceeds a yield 
strength, plastic deformation occurs. Plastic deformation in metal occurs due to dislocation 
movement. These movements lead to inhomogeneous dislocation distributions, as opposed to the 
preferred orientation of grains. Accumulation of plastic deformation will result in the failure of 
materials. 
The definition of failure provided by the ASM handbook contains three situations. The first 
is where the material cannot be repaired completely. In the second, the material cannot approvingly 
meet the desired function while in use. In the third, the material suffers from serious damage and 
cannot continue to ensure safety and reliability during service [5]. 
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Failure analysis is a practice where the interrelation of the failure mode, failure defects, 
failure mechanism and failure cause are confirmed. Then, effective countermeasures can be 
offered, depending on observed interrelations, thereby precluding the occurrence of particular 
types of failure. Furthermore, material failure analysis also leads to the improvement of materials 
design, manufacturing processes, and inspection procedures, so that the foundation for exploiting 
novel material can be developed. 
1.6.1 Creep 
 
Creep is a slowly occurring and permanent deformation of a material under the effect of 
mechanical stresses. A long term exposure to stresses that are lower than the yield strength of the 
material results in creep. The creep rate increases as the material is subject to heat for long periods, 
especially at its melting point. 
The creep rate is a function of material properties, subjected time, temperature and its 
structural load. This behavior leads to material failure if the magnitude of applied stress and 
duration is ample enough. For example, the elastic coefficient of a spring decreases after a long 
period. Creep behavior is very important for engineering applications that operate under high load 
and high temperature. Creep may contribute to the failure as a deformation mechanism. This is 
because creep deformation is a strain accumulation process, as a function of time, unlike brittle 
fractures that occur suddenly. 
Creep behavior can be classified into three stages. At the beginning of creep, the rate is 
generally high, decreasing as time increases, due to strain hardening[6]. The creep rate diminishes 
to a minimum as the secondary stage begins, this is also called steady state creep. At the last stage, 
the rate exponentially increases with stresses because of necking.  
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At high stresses, the creep behavior is controlled by dislocation movement. When load is 
applied to the material, dislocation movement occurs causing plastic deformation. There are many 
potential defects in the interior material, such as the solute atom. These atoms can serve as a barrier 
to dislocation. The void of grain can diffuse into dislocation under high temperatures. This leads 
to deformation because dislocation will occur in the nearest slip plane. Therefore, dislocation creep 
strongly depends on the applied stress, rather than the grain size. Dislocation creep is resistant to 
traditional heat treatment. Therefore, the residual stress and a large number of dislocations 
occurring after heat treatment facilitate the creep process [7].  
1.6.2 Stress Relaxation 
 
Stress relaxation is the observed decrease in stress in response to the same amount of strain 
generated in the structure. This is primarily due to keeping the structure in a strained condition for 
some finite interval of time and hence causing some amount of plastic strain. On the microcosmic 
level, metal components tend to bend under force and with time. Dislocation motion occurring in 
lattices result in the continuous accumulation of microcosmic plastic strain which is translated 
from elastic deformation. This type of dislocation motion is activated and driven by elastic strain 
energy. In the early stage, stress relaxation primarily occurs on the grain boundary. When it occurs 
over a longer period of time, the motion of mosaics and rotation in the grain interior begin to play 
the dominant role [8]. In this process, the transformation from the component’s inner microcosmic 
elastic deformation to microcosmic plastic deformation results in permanent plastic deformation. 
The inner grains and submicroscopic structure are also gradually transformed from an unstable 
form to a uniform stable form. This transformation eventually leads to the decrease of inner bearing 
stress in the material [9]. Deterioration of elasticity is sometimes used to describe the stress 
relaxation; this is a description of the stress relaxation of another aspect [10]. In some situations, 
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lowering the applied stresses on materials can remit the relaxation, allowing the plastic 
deformation to recover. 
The traditional method of analyzing stress relaxation is carried out in a stress relaxation 
machine. This machine can be viewed as a combination of a heating apparatus and a traditional 
metal material tester. A curve of strain and stress was obtained by the stress data. The curve of 
stress relaxation can be classified into two stages [11-13]. Stress relaxation is most prolific in the 
early stages, the rate of relaxation increases with additionally applied stresses. Like the steady state 
stage of creep, at the second stage of stress relaxation, the rate will diminish to zero and the stress 
will diminish to a constant. This constant is called the stress relaxation limitation, which has proven 
to be proportional to the initially applied stress at a given temperature [14]. When the applied stress 
is larger than limitation, stress relaxation will occur, otherwise not [10]. 
Although the traditional analysis can determine the stress relaxation property of material 
through the relaxation curve, it cannot be used to analyze the relaxation mechanism and the 
evolution of the material structure. Therefore, it is necessary to combine the test with the 
metallurgical analysis and other methods to understand the material behavior in a state of 
relaxation, and to conclude the method for increasing stress relaxation resistance. 
In Liu’s study [15], the stress relaxation behavior of TC4 operating at 400℃ and 600℃ 
was researched. The relaxation mechanism for both conditions is dislocation relaxation, although 
the influence of twins and boundary movement is larger in the first condition. Po’s study [16] 
revealed that the creep behavior of Ti6AlV is largely affected by temperature. For a given applied 
stress, the creep strain increased with increasing temperature. The creep mechanisms of Ti6Al4V 
under low temperature and high temperature are diffusion and dislocation, respectively.
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When materials operated at a temperature higher than 0.3-0.5 Tm, and were subject to 
continuous stress, then high temperature stress relaxation occurs. The principle of this 
phenomenon is the aggravation of atomic thermal motion, which clears the obstacles for 
dislocation. For Ni-based single crystal superalloys, the occurrence of the directed creep can result 
in an evolution of cubic γ' phase into raft morphology, which is perpendicular to stress direction. 
At the last stage of creep, large quantities of dislocation with different Burgers vectors will insert 
into the rafting γ', resulting in the creep fracture [17,18]. In Li’s study [19], the regular arrangement 
of cubic γ' in the material was shown to strengthen creep resistance, with an optimized size of 
0.4μm. The second aging treatment has a small influence on material resistance for high 
temperature creep. The level of rafting evolution will affect the creep property. The second γ' phase 
resulting from aging is not conducive to strengthening creep resistance. Compressive residual 
stresses induced by mechanical surface treatment can be highly beneficial to fatigue resistance, 
however, cyclic relaxation residual stress reduces the benefit [20]. 
Both creep and stress relaxation will result in changes in physical and mechanical 
properties of materials. Subjected to a constant stress, the creep strain is a function of time, it 
occurs throughout the whole process, rather than in an instantaneous deformation. Stress relaxation 
describes stress applied to the material decreasing with increasing time at a constant strain. Creep 
and stress relaxation are different characterizations of material under different load conditions. For 
stress relaxation, as long as the applied stress is below the yield strength, the stress should be 
proportional to its elastic strain. When stress relaxation occurs, although the total strain is constant, 
the elastic strain and applied stress decrease. It can be demonstrated that a part of elastic 
deformation evolves into plastic deformation during stress relaxation. This transition can account 
for the phenomenon that deformation increases with constant load in creep. 
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Nowadays, the concept that there are relations and small differences between stress 
relaxation and creep is accepted by many researchers[21-25]. Stress relaxation can be viewed as a 
creep with continuously declining stress. The transition and steady periods of the creep process 
can be viewed respectively as the first and secondary periods in the stress relaxation curve. 
According to J.J Sha’s study [26], in the bending stress relaxation experiments of SiC-based fibers, 
the data between bending stress relaxation and tensile creep shows a positive correlation. The 
tensile creep of SiC-based fibers can be predicted from the bending stress relaxation data by a 
defined function. In M.V. Nathal’s study [27], the improved creep resistance of alloys also 
translated to improved resistance to stress relaxation. Prior creep exposure can improve stress 
relaxation resistance. The recovery of deformation generated during stress relaxation is also a 
useful response for high temperature sealing application. 
We could build up a function on the base of creep and stress relaxation data to predict the 
high temperature behavior of material.  
1.6.3 Wear 
 
Another common failure mechanism of the sealing component is wear. In a turbine valve, 
the most common types of wear are adhesive, erosive, and fatigue wear [28]. 
The mechanism of adhesive wear is that two uneven surfaces contact each other during the 
relative motion, which causes plastic deformation and bonding as local temperature increases. 
Finally, these bonds break and produce cavities on the surface. The adhesive wear mechanism in 
a piston system is shown in Figure 4. 
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Figure 4. Schematics of adhesive wear of a valve. 
Erosive wear is a process where the liquid or gas constantly scours the solid surface, doing 
damage to the local material. The degree of erosive wear depends on the liquid or gas particle size, 
speed, temperature, pressure and other factors. 
Fatigue wear is similar to the fatigue rupture, as its name suggests. The periodical load is 
applied to the working area over and over again. The weak point of surface will produce cracks 
when the stress exceeds the fatigue limit. 
1.7 Precipitates 
 
For Ni-based and Fe-based superalloys, their crystal structure is generally FCC γ phase 
austenite, in which alloying elements dissolve in a solid solution with iron or nickel. The solution 
strengthening can increase γ strength. The aging treatment promotes the γ' (Ni3(Al, Ti) and γ'' 
(Ni3Nb) phase precipitates[29-34]. In Du’s study [35], the effect of aging treatment at 560℃ for 
GH4145 was researched. After 100h. heat treatment, a large amount of small subgrains 
precipitated in grains, thereafter these subgrains became larger with γ' and became homogeneous. 
Besides that, carbide and nitride have a strengthening function too. In high temperature, carbide is 
generally presented as MC, such as NbC and TiC and other alloy element solid solution carbide. 
Longer periods of aging and lower ratios of Ti/Al are conducive for the stabilization of γ' and γ'' 
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phases [36-38]. There are some proeutectoid carbides in superalloys, for example, M6C and 
M23C, which are brittle and hard. When they precipitate along the grain boundary, they can 
stabilize the grain boundaries and increase the durability of the superalloy, but decrease toughness. 
The precipitate time and quantity of primary carbide are affected by C and N [39] in superalloys. 
When N presents in alloy, TiN will precipitate firstly, then MC will precipitate on its surface, 
generating a symbiotic carbide M(C, N). δ phase’s molecular formula is Ni3Nb, it precipitates 
around Laves and MC phases with needle-like morphology. δ can impede the motion of the grain 
boundary, and promote the refinement of grains. However, the γ'' phase will decrease with an 
increased δ phase. When δ phase increases, the durability and creep resistance of the material 
decreases. The morphology of δ phase can be changed by adding B or P [40]. σ phase (FeCr) and 
Laves phase (B2A) precipitate brittle TCP. These brittle phases will decrease a superalloy’s 
plasticity and strength; as a result, their quantity must be precisely controlled. The main reason for 
the decrease of yield strength of a superalloy is the γ' coarsening due to an increased σ phase [41]. 
When using solid solution strengthening to strengthen a superalloy, a lower solid solubility 
has a better effect. When using the aging treatment strengthening superalloy, it should be noticed 
that γ'' has generation and disassemble temperature limits, at higher temperatures, the γ'' phase 
would change. For γ'', this temperature is 650℃, so this superalloy cannot be used in an ambient 
environment with a temperature higher than 650℃ for a long period. In general, the Ni-based 
superalloy has a higher durability and higher operating temperature than the Fe-based superalloy. 
1.8 Inclusion 
 
Inclusion in superalloys can be classified into two types: metallic inclusion and non-
metallic inclusion. At the base of current manufacturing technologies, non-metallic inclusion is 
very common in superalloy, whereas metallic inclusion is less common[42]. The non-metallic 
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inclusion can be classified into several types according to its composition: simple, complex, 
silicate, sulfide, nitride. The simple inclusion is comprised of ferric oxide, aluminum oxide, and 
silicon oxide. Simple inclusion generally has high hardness; a property that is not good for 
superalloys. Sulfide inclusion includes manganese sulfide and calcium sulfide. Nitride includes 
aluminum nitride and titanium nitride. They coexist with carbide in superalloys. 
The content of non-metallic inclusion in superalloy is balanced, they have a large influence 
on superalloy mechanical properties[43,44]. For example, RE atoms and S impurities can attract 
each other to disperse and remove some impurities [45]. This effect can be used to disperse and 
stabilize the inclusion, which can improve the high temperature alloy properties. Yang’s study [46] 
shows the influence of Ti(C,N) on Ni-based superalloy properties. The sintered carbide and nitride 
that dispersed in austenite in superalloy can facilitate grain refinement, which improves the tensile 
strength and hardness of the alloy. Actually, nitride is always viewed as a strengthening phase of 
MC phase in Fe-Ni-based superalloys. The increased content of P in an alloy will result in a 
hardness decrease [47]. So, the oxide’s and silicate’s high hardness and brittle property generally 
cause stress concentration, which lowers the strength and toughness of superalloys. Nitride has 
unfavorable effects on superalloy properties, however, these effects can be offset by dispersion 
strengthening and MC carbide.
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CHAPTER 2: MATERIAL AND EXPERIMENTAL PROCESS 
 
 
2.1 Material Preparation 
 
The objective of this study is to determine the tensile and compressive stress relaxation 
behaviors of metal sealing rings for operation at temperatures in the range of 400-800℃ and at 
stress states in the range of 200-400Mpa. The GH4145 Ni-based superalloy sealing ring and the 
GH2132 Fe-based superalloy sealing rings were selected as experimental materials. Details of the 
nominal composition of the alloys are shown in Table 1 and Table 2. 
Table 1. Nominal composition in wt% of the GH4145 
Wt% C Cr Ni Al Ti Fe Nb Co Mn Si S 
GH4
145 
≤0.0
8 
14.0
～
17.0 
≥70.
0 
0.40
～
1.00 
2.25
～
2.75 
5.00
～
9.00 
0.70
～
1.20 
≤1.0
0 
≤1.0
0 
≤0.5
0 
≤0.0
10 
 
 
Table 2. Nominal composition in wt% of the GH2132 
Wt% C Cr Ni Mo Ti Fe V B Mn Al Si 
GH2
132 
≤0.0
8 
13.5
~16.
0 
24.0
~27.
0 
1.00
~1.5
0 
1.75
~2.3
0 
margi
n 
0.10
~0.5
0 
0.00
1~0.
01 
1.00
~2.0
0 
≤0.4
0 
≤1.0
0 
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The cross-section of the sealing ring is rectangular, as shown in Fig. 5. The cross-section 
of the Ni-based alloy had a nominal width of 17.92mm and length of 22.12mm. The cross section 
of the Fe-based alloy had a nominal width of 16.38mm and length of 19.36mm. Using wire-cutting 
to cut the samples into small rectangular pieces was an appropriate way to apply heating treatment. 
The experimental sample of the Ni-based ring had a size of 7mm×7mm×3mm. The experimental 
sample of the Fe-based ring had a size of 6mm×8mm×3mm. 
 
Figure 5. The cross-section: (a) cross-section, (b) the cross-section in operation. 
2.2 Experimental Procedure 
 
The operating temperature range of the two sealing rings was of 250-300℃. At this range, 
failure occurs on the Fe-based superalloy sealing ring. For saving test time and revealing potential 
problems, an accelerated test with enhanced temperature conditions was carried out. Therefore, 
the operating temperature of this study was settled down to: 400℃, 600℃ and 800℃. 
The applied stress was calculated by equations (1) and (2): 
2
11
11
1
)(35.2
)8(
ad
maaE
f



                      
(1) 
2
11
11
2
)(35.2
)(
ad
smaE
f



                       
(2) 
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where ƒ1 is maximum bending stress, ƒ2 is operating stress, a1 radial wall thickness, s1 total free 
gap, d1 nominal diameter, m is open gap, and E elastic modulus. Details of the nominal size of 
the sealing ring are shown in Fig. 6 and Table 3. 
 
Figure 6.The characteristic of sealing ring 
 
 
Table 3. Nominal size of GH4145 and GH2132 
 
 
 
 
 
 
 
 
According to the calculation results, both Gh4145’s and GH2132’s loads are much lower 
than their yield strengths. Therefore, the corresponding fixture design was determined based on 
the material size. 
The fixture design for a heating test is shown in Fig. 7. This shape allowed us to test the 
materials in different types of stress at the same time. Because the development of structure are  
different when different types of stress applied [48]. The upper surface bears the compressive 
size 
1a  
mm 
1d  
mm 
1s  
mm 
m  
mm 
E  
Mpa 
1f  
Mpa 
2f  
Mpa 
GH4145 16.4 495 5.5 29.6 230 0.71 0.1 
GH2132 14 489 5.5 25.9 200 0.45 0.11 
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stress, while the lower surface bears the tensile stress. The two stresses have the same magnitude 
and different influence on materials 
 
(a)                                                      (b) 
Figure 7. (a) Fixture. (b) Fixture size. 
 
Figure 8. The stress state of the sample. 
Samples were divided into three groups according to the heating temperature: 400℃, 
600℃ and 800℃. Each group was also divided into four sub-groups based on the heating time: 
10h, 20h, 30h and 40h for 400℃; and, 5h, 10h, 15h and 20h for 600℃ and 800℃. Each group was 
divided again into two more sub-groups based on the given stress state: applying stress or not. Air 
cooling was required after heating. 
Samples were milled and polished after testing. Ni-based samples were etched for 1-2 
minutes by corrosion in 3ml nitric acid, 1ml hydrochloric acid, and 3ml glycerin by volume 
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(HCl:C3H8O3:HNO3=3:3:1 ratio)[49]. Fe-based samples were etched for 4-5 minutes by 
corrosion in 1ml nitric acid, 3ml hydrochloric acid, and 3ml glycerin by volume 
(HCl:C3H8O3:HNO3=1:3:3 ratio)[49]. We used a metallurgical microscope to survey the tissue 
presence of etched samples, and analyze the tissue’s evolutionary characteristics according to the 
observation. We used SEM to survey tissue features of treated samples. We analyzed the 
composition of treated samples using Energy Disperse Spectroscopy (EDS). We measured the 
microhardness and elastic modulus of treated samples. We analyzed the changes in the mechanical 
properties with different experimental conditions. 
2.3 Experimental Device 
 
The devices used in the experiments are as follows: 
1. Intelligence box-type high temperature furnace, used for accelerated heat treatment. 
2. Leica DM2500M type material analyzing microscope, used for observing metallurgical 
structure. 
3. Wolpert-401MVD type micro-sclerometer, used for measuring microhardness. 
4. Nano Indenter XP type nano-indentation, used for measuring elastic modulus. 
5. Hatachi SU8010 type Cold Field Emission Scanning Electron Microscope (CFESEM), 
used for surveying tissue presence and energy spectrum analysis. 
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CHAPTER 3: RESULT AND DISCUSSION 
 
 
The results were divided into three parts for discussion based on the experimental 
procedure. The first part uses the Leica DM2500M analyzing microscope to analyze the 
metallurgical structure of samples. The second part uses the SEM to analyze the spectrum of 
precipitated phases and metalloid inclusions. The last part is the discussion of data pertaining to 
Vickers hardness. 
3.1 Metallurgical Analysis 
 
3.1.1 Ni-based Superalloy Sealing Ring Samples Without Stress 
 
  
(a)                                                 (b)                        
  
(c)                                                 (d) 
Figure 9. Grain structure of Ni-based superalloy after simulation experiment (50): 
(a)10h, (b) 20h, (c) 30h, (d) 40h. 
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(a)                                                           (b) 
  
(c)                                                           (d) 
Figure 10. Grain structure of Ni-based superalloy after simulation experiment (200): 
(a)10h, (b) 20h, (c) 30h, (d) 40h. 
 
The grain structures of the Ni-based superalloy, which was heated for 10h, 20h, 30h, and 
40h in 400℃, are shown in Fig. 8 and Fig. 9. The amplification factors are 50 in Fig. 9 and 200 in 
Fig. 10. 
The grain structures of the Ni-based superalloy, which was heated for 5h, 10h, 15h, and 
20h in 600℃, are shown in Fig. 11 and Fig. 12. The amplification factors are 50 in Fig. 11 and 
200 in Fig. 12. 
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(a)                                                           (b) 
  
(c)                                                           (d) 
Figure 11. Grain structure of Ni-based superalloy after simulation experiment (50): 
(a) 5h, (b) 10h, (c) 15h, (d) 20h. 
 
 
  
(a)                                                           (b) 
  
(c)                                                           (d) 
Figure 12. Grain structure of Ni-based superalloy after simulation experiment (200): 
(a) 5h, (b) 10h, (c) 15h, (d) 20h. 
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(a)                                                           (b) 
  
(c)                                                           (d) 
Figure 13. Grain structure of Ni-based superalloy after simulation experiment (50): 
(a) 5h, (b)10h, (c) 15h, (d) 20h. 
 
 
   
(a)                                                           (b) 
   
(c)                                                           (d) 
Figure 14. Grain structure of Ni-based superalloy after simulation experiment (200): 
(a) 5h, (b)10h, (c) 15h, (d) 20h. 
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The grain structures of the Ni-based superalloy, which was heated for 5h, 10h, 15h, and 
20h in 800℃, are shown in Fig. 12 and Fig. 13. The amplification factors are 50 in Fig. 13 and 
200 in Fig. 14. 
As shown in the pictures above, as time increased, abundant twins in tissue gradually 
disappeared. Meanwhile, the grains coarsened continuously; small grains became larger; and, 
uniformity of grain size increased. The precipitates and inclusions were mostly distributed in 
grains. But, with increasing trial time, more precipitates appeared in grain boundaries. The 
precipitates can be classified into three types according to the shape: round, regular polygon and 
irregular polygon. 
The grain structures of the original Ni-based superalloy, which was heated for 20h in 
400℃, 600℃, 800℃, are shown in Fig. 15 and Fig. 16. The amplification factors are 50 in Fig. 
15 and 200 in Fig. 16. 
  
(a)                                            (b) 
  
(c)                                            (d) 
Figure 15. Grain structure of Ni-based superalloy after simulation experiment (50): 
(a) original, (b) 400℃, (c) 600℃, (d) 800°. 
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(a)                                                           (b) 
  
(c)                                                           (d) 
Figure 16. Grain structure of Ni-based superalloy after simulation experiment (200): 
(a) original, (b) 400℃, (c) 600℃, (d) 800°. 
 
According to Fig. 15, twins decomposition and grain coarsening were sped up dramatically 
when the temperature was increased. Meanwhile, the uniformity of grain size increased with an 
increase in temperature. The final size of grains increased significantly when trial temperature was 
increased. In Fig. 16, the amount and density of precipitates in grains increased with an increase 
of temperature in the simulation experiment. 
The mechanical properties of superalloys decrease with twins decomposition and grain 
coarsening. Twins decomposition and grain coarsening also effect the stress relaxation property. 
How the precipitates effect the mechanical properties requires further study. 
3.1.2 Fe-based Superalloy Sealing Ring Samples Without Stress 
 
The grain structures of the Fe-based superalloy, which was heated for 10h, 20h, 30h, and 
40h in 400℃, are shown in Fig. 16 and Fig. 17. The amplification factors are 50 in Fig. 17 and 
200 in Fig. 18. 
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(a)                                                           (b) 
  
(c)                                                           (d) 
Figure 17. Grain structure of Fe-based superalloy after simulation experiment (50): 
(a)10h, (b)20h, (c)30h, (d) 40h. 
 
 
  
(a)                                                           (b) 
  
(c)                                                           (d) 
Figure 18. Grain structure of Fe-based superalloy after simulation experiment (200): 
(a)10h, (b)20h, (c)30h, (d) 40h. 
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(a)                                                           (b) 
  
(c)                                                           (d) 
Figure 19. Grain structure of Fe-based superalloy after simulation experiment (50): 
(a)5h, (b)10h, (c)15h, (d) 20h. 
 
 
  
(a)                                                           (b) 
  
(c)                                                           (d) 
Figure 20. Grain structure of Fe-based superalloy after simulation experiment (200): 
(a) 5h, (b) 10h, (c) 15h, (d) 20h. 
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The grain structures of the Fe-based superalloy, which was heated for 5h, 10h, 15h, and 
20h in 600℃, are shown in Fig. 19 and Fig. 20. The amplification factors are 50 in Fig. 19 and 
200 in Fig. 20. 
The grain structures of the Fe-based superalloy, which was heated for 5h, 10h, 15h, and 
20h in 800℃, are shown in Fig. 21 and Fig. 22. The amplification factors are 50 in Fig. 21 and 
200 in Fig. 22. 
  
(a)                                                           (b) 
  
(c)                                                           (d) 
Figure 21. Grain structure of Fe-based superalloy after simulation experiment (50): 
(a) 5h, (b)10h, (c)15h, (d)20h. 
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(a)                                                           (b) 
  
(c)                                                           (d) 
Figure 22. Grain structure of Fe-based superalloy after simulation experiment (200):  
(a)5h, (b)10h, (c)15h, (d)20h. 
 
From the above pictures, it is shown that as time increased, abundant twins in tissue 
gradually disappeared; this effect was also observed in the Ni-based superalloy. Meanwhile, the 
grains coarsened continuously, small grains became larger and, uniformity of grain size increased. 
Compared with the Ni-based superalloy, the precipitates in the Fe-based superalloy have many 
more types and were distributed unevenly. Most of the precipitates were distributed in the grain 
boundary rather than grain interior. Such an outcome would be negative to the stress relaxation 
property. 
The grain structures of the original Fe-based superalloy, which was heated for 20h in 
400℃, 600℃, 800℃, are shown in Fig. 23 and Fig. 24. The amplification factors are 50 in Fig. 
23 and 200 in Fig. 24.  
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Consistent with the Ni-based superalloy, twins decomposition and grain coarsening were 
sped up dramatically as temperature increased. At 400℃, twins decomposed slowly. Residual 
twins were observed after the temperature was increased to 600℃. At 800℃, twins almost 
disappeared, and the grains coarsened markedly. 
  
(a)                                                           (b) 
  
(c)                                                           (d) 
Figure 23. Grain structure of Fe-based superalloy after simulation experiment (50): 
(a) original, (b)400℃, (c) 600℃, (d) 800°C. 
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(a)                                                           (b) 
  
(c)                                                           (d) 
Figure 24. Grain structure of Fe-based superalloy after simulation experiment (200): (a)original, 
(b)400℃, (c) 600℃, (d) 800°C. 
 
Based on the metallurgical imagery, the stress relaxation property of the Ni-based 
superalloy sealing ring is much better than that of the Fe-based superalloy sealing ring. 
3.1.3 Sealing Ring Samples With Stress 
 
The grain structures of the original Ni-based superalloy, which was heated for 10h. in 
400℃, are shown in Fig. 25 and Fig. 26. The amplification factors are 50 in Fig. 24 and 200 in 
Fig. 25. 
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(a)                                                           (b) 
Figure 25. Grain structure of Ni-based superalloy after simulation experiment (50): 
(a) without stress (b) with stress. 
 
 
  
(a)                                                           (b) 
Figure 26. Grain structure of Ni-based superalloy after simulation experiment (200): 
(a) without stress (b) with stress 
 
According to the above picture, twins decomposed faster, and precipitates increased 
slightly when stress was applied. Meanwhile the grain coarsening was more obvious as the grain 
size became larger. Most precipitates were still distributed in the grains interior. 
The grain structures of the original Fe-based superalloy, which was heated for 10h. in 
400℃, is shown in Fig. 27. The amplification factor is 200 in Fig. 27. 
 
 
33  
  
(a)                                                           (b) 
Figure 27. Grain structure of Fe-based superalloy after simulation experiment (200): 
(a) without stress (b) with stress. 
 
In the Fe-based superalloy, when stress was applied, many more precipitates appeared in 
the grain boundary. Meanwhile, the grain coarsened slightly. 
Based on the metallurgical imagery, in a stress state the stress relaxation property of the 
Ni-based superalloy sealing ring is still much better than that of the Fe-based superalloy sealing 
ring. 
3.2 Energy Spectrum Analysis 
 
3.2.1 Ni-based Superalloy  
 
Superalloy CFESEM is shown in Fig. 28. A point at the grain boundary (red cross) was 
selected for energy spectrum analysis. The amplification factor was 500. The ratio of components 
is shown in Table 4; the atomic percentage of Ni is about 62.5 percent, and Cr is 19.1 percent, the 
ratio is similar throughout the whole material. 
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Figure 28. Morphology of unloaded Ni-based superalloy grain boundary. 
 
 
 
Figure 29. Spectrum analysis of unloaded Ni-based superalloy grain boundary. 
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Table 4. The components of an unloaded Ni-based superalloy in spectrum analysis. 
 
Elt. Line Intensity 
(c/s) 
Atomic 
% 
Conc Units MDL 
3-sig 
 
C Ka 7.27 11.740 2.99 wt.% .912  
O Ka 15.86 9.229 3.13 wt.% .355  
Al Ka 9.48 2.303 1.32 wt.% .289  
Ti Ka 13.41 2.209 2.24 wt.% .351  
Cr Ka 82.32 17.344 19.10 wt.% .432  
Fe Ka 21.75 6.175 7.30 wt.% .580  
Ni Ka 104.40 50.311 62.53 wt.% 1.025  
Mo La 4.34 .690 1.40 wt.% .748  
   100.000 100.00 wt.%  Total 
 
 
Another point around precipitate was selected for energy spectrum analysis (the red cross 
in Fig.30). The amplification factor was 500. The ratio of components is shown in Table 5; the 
atomic percentage of C is about 41 percent, Ni is about 23 percent, Nb is 10 percent and Ti is 8 
percent. This type of precipitate may be carbide and titanium nitride. 
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Figure 30. Morphology of unloaded Ni-based superalloy. 
 
 
 
Figure 31. The energy spectrum analysis of unloaded Ni-based superalloy. 
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Table 5. The components of an unloaded Ni-based superalloy in spectrum analysis. 
 
Elt. Line 
Intensity 
(c/s) 
Atomic 
% 
Conc Units 
MDL 
3-sig 
 
C Ka 33.80 41.181 12.94 wt.% 1.000  
O Ka 9.23 6.671 2.79 wt.% .615  
Al Ka 10.57 1.470 1.04 wt.% .210  
Ti Ka 64.40 8.140 10.19 wt.% .276  
V Ka .69 .096 .13 wt.% .310  
Cr Ka 39.41 6.198 8.43 wt.% .349  
Fe Ka 13.30 2.770 4.05 wt.% .458  
Ni Ka 70.63 23.357 35.86 wt.% .747  
Nb La 96.64 10.118 24.59 wt.% .636  
Mo La .00 .000 .00 wt.% .000  
   100.000 100.00 wt.%  Total 
 
 
For a loaded Ni-based superalloy, one point of irregular precipitate distribution, which was 
located in the grain, was selected for energy spectrum analysis (the red cross in Fig. 32). The 
amplification factor was 500. The ratio of components is shown in Table 6; the atomic percentage 
of C is about 22 percent, N is about 43 percent, Ti is 25 percent and Nb is 4 percent. The precipitate 
should be the titanium carbide or nitride. 
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Figure 32. Morphology of loaded Ni-based superalloy. 
 
 
 
Figure 33. The energy spectrum analysis of loaded Ni-based superalloy. 
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Table 6. The components of a loaded Ni-based superalloy in spectrum analysis. 
 
Elt. Line Intensity 
(c/s) 
Atomic 
% 
Conc Units MDL 
3-sig 
 
C Ka 6.54 22.850 10.19 wt.% 1.739  
N Ka 12.74 43.271 22.50 wt.% 1.077  
Al Ka 1.70 .864 .87 wt.% .688  
Si Ka 1.33 .611 .64 wt.% .642  
Ti Ka 43.92 25.005 44.44 wt.% .756  
Cr Ka .76 .578 1.12 wt.% .805  
Fe Ka .58 .591 1.23 wt.% 1.001  
Co Ka .66 .803 1.76 wt.% 1.156  
Ni Ka .76 1.151 2.51 wt.% 1.532  
Nb La 10.81 4.277 14.75 wt.% 1.824  
   100.000 100.00 wt.%  Total 
 
 
Another point of cubic precipitate distribution was selected for energy spectrum analysis 
(the red cross in Fig. 34). The amplification factor was 500. The ratio of components is shown in 
Table 7; the atomic percentage of Ti is about 72 percent, C is about 18 percent, and Nb is 5 percent. 
This precipitate should be niobium carbide or titanium cabide. 
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Figure 34. Morphology of loaded Ni-based superalloy. 
 
 
 
Figure 35. The energy spectrum analysis of loaded Ni-based superalloy. 
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Table 7. The components of a loaded Ni-based superalloy in spectrum analysis. 
 
Elt. Line Intensity 
(c/s) 
Atomic 
% 
Conc Units MDL 
3-sig 
 
C Ka 14.47 18.373 5.03 wt.% .366  
O Ka .00 .000 .00 wt.% .000  
Al Ka 2.78 .555 .34 wt.% .211  
Ti Ka 347.39 72.768 79.44 wt.% .332  
V Ka .00 .000 .00 wt.% .000  
Cr Ka 2.61 .770 .91 wt.% .393  
Fe Ka 1.46 .562 .72 wt.% .498  
Ni Ka 2.78 1.565 2.09 wt.% .748  
Nb La 38.70 5.296 11.22 wt.% .540  
Mo La .85 .111 .24 wt.% .516  
   100.000 100.00 wt.%  Total 
 
 
According to the SEM analysis, most precipitates in a loaded Ni-based superalloy after 
simulated experiment are irregular carbides, whereas most precipitates in an unloaded Ni-based 
superalloy are regular types. The ratio of nickel decreased whereas more aluminum and titanium 
presented in the precipitates when stress applied. So the stress may change the morphology of 
precipitates by a certain mechanism. The alloying elements such as Al and Ti, could strengthen the 
material, however, most precipitates were distributed widely in the grains, effecting the mechanical 
properties slightly. 
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3.2.2 Fe-based Superalloy 
The morphology of an unloaded Fe-based superalloy in CFESEM is shown in Fig. 36. One 
point of grain distribution was selected for energy spectrum analysis (the red cross). The 
amplification factor was 500. The ratio of components is shown in Table 8; the atomic percentage 
of Fe is about 49 percent and Cr is about 19 percent, which are similar throughout the whole 
material. 
 
Figure 36. Morphology of unloaded Fe-based superalloy. 
 
 
 
Figure 37. The energy spectrum analysis of unloaded Fe-based superalloy. 
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Table 8. The components of an unloaded Fe-based superalloy in spectrum analysis. 
 
Elt. Line Intensity 
(c/s) 
Atomic 
% 
Conc Units MDL 
3-sig 
 
C Ka 4.56 11.674 2.81 wt.% 1.360  
Al Ka 10.33 3.901 2.11 wt.% .546  
Ti Ka 12.79 3.571 3.43 wt.% .518  
Cr Ka 54.31 18.985 19.80 wt.% .644  
Fe Ka 90.22 48.932 54.80 wt.% .914  
Co Ka .00 .000 .00 wt.% .000  
Ni Ka 12.38 10.494 12.35 wt.% 1.219  
Mo La 9.51 2.443 4.70 wt.% 1.338  
   100.000 100.00 wt.%  Total 
 
 
Another point of irregular precipitate distribution was selected for energy spectrum 
analysis (the red cross in Fig.38). The amplification factor was 500. The ratio of components is 
shown in Table 9; the atomic percentage of C is about 41 percent, Ti is about 42 percent, N is 40 
percent, Al is 7 percent and C is 8 percent. This type of precipitate may be titanium carbide. 
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Figure 38. Morphology of unloaded Fe-based superalloy. 
 
 
 
Figure 39. The energy spectrum analysis of unloaded Fe-based superalloy.
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Table 9. The components of an unloaded Fe-based superalloy in spectrum analysis. 
 
Elt. Line Intensity 
(c/s) 
Atomic 
% 
Conc Units MDL 
3-sig 
 
C Ka 1.03 8.210 2.26 wt.% 2.066  
N Ka 26.30 40.10 .00 wt.% .000  
Al Ka 4.93 7.172 4.43 wt.% .994  
Ti Ka 28.50 42.82 90.10 wt.% 1.062  
Cr Ka .24 .521 .62 wt.% 1.332  
Fe Ka .31 .869 1.11 wt.% 1.617  
Co Ka .06 .211 .29 wt.% 1.653  
Ni Ka .17 .685 .92 wt.% 1.797  
Nb La .00 .000 .00 wt.% .000  
Mo La .15 .126 .28 wt.% 1.711  
   100.000 100.00 wt.%  Total 
 
 
For a loaded Fe-based superalloy, a point of continuous precipitate in the interface was 
selected for energy spectrum analysis (the red cross in Fig. 40). The amplification factor was 500. 
The ratio of components is shown in Table 10; the atomic percentage of P is about 35 percent, Ti 
is about 33 percent, and Ni is 5 percent. 
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Figure 40. Morphology of loaded Fe-based superalloy. 
 
 
 
Figure 41. The energy spectrum analysis of loaded Fe-based superalloy.
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Table 10. The components of a loaded Fe-based superalloy in spectrum analysis. 
 
Elt. Line Intensity 
(c/s) 
Atomic 
% 
Conc Units MDL 
3-sig 
 
C Ka .00 .000 .00 wt.% .000  
Al Ka 3.31 3.468 2.09 wt.% .974  
P Ka 41.14 35.923 24.89 wt.% .946  
Ti Ka 30.04 33.083 35.43 wt.% .964  
Cr Ka 3.02 4.347 5.06 wt.% .925  
Fe Ka 6.93 13.578 16.97 wt.% 1.435  
Co Ka .15 .364 .48 wt.% 1.822  
Ni Ka 1.87 5.509 7.23 wt.% 2.835  
Nb La 2.33 2.290 4.76 wt.% 3.098  
Mo La 1.52 1.438 3.09 wt.% 3.079  
   100.000 100.00 wt.%  Total 
 
 
Another point of irregular precipitate was selected for energy spectrum analysis (the red 
cross in Fig. 42). The amplification factor was 500. The ratio of components is shown in Table 11; 
the atomic percentage of Mo is about 35 percent, Ti is about 19 percent and Cr is 10 percent. 
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Figure 42. Morphology of loaded Fe-based superalloy. 
 
 
 
Figure 43. The energy spectrum analysis of loaded Fe-based superalloy.
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Table 11. The components of a loaded Fe-based superalloy in spectrum analysis. 
 
Elt. Line Intensity 
(c/s) 
Atomic 
% 
Conc Units MDL 
3-sig 
 
C Ka 1.13 19.432 4.16 wt.% 4.760  
N Ka .00 .000 .00 wt.% .000  
Al Ka 5.98 6.439 3.10 wt.% .720  
S Ka 4.73 4.045 2.31 wt.% .789  
Ti Ka 15.43 19.110 16.31 wt.% .700  
Cr Ka 6.65 10.204 9.46 wt.% 1.192  
Fe Ka 2.65 5.466 5.44 wt.% 1.489  
Co Ka .39 .945 .99 wt.% 1.321  
Ni Ka .28 .840 .88 wt.% 1.664  
Nb La .00 .000 .00 wt.% .000  
Mo La 37.19 33.519 57.34 wt.% 2.495  
   100.000 100.00 wt.%  Total 
 
 
Several types of precipitates in the Fe-based superalloy were identified after the simulated 
experiment. When load was applied, the Fe-based superalloy produced more types of precipitates. 
The ratio of N and Ti decreased dramatically when stress applied whereas more Cr, Fe and Mo 
presented in the precipitates. Most of precipitates formed in the grain boundary. In high 
temperature over a long time, these precipitates will weaken the grain boundary. As a results, the 
strength of extension and yield strength of Fe-based superalloy will decrease. 
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3.3 Mechanical Property 
 
The hardness of a loaded Ni-based superalloy in different conditions was measured by 
nanoindentation, the results are presented in Table 12 and Fig 44. 
Table 12. The hardness of a loaded Ni-based superalloy in different conditions. 
 
T/℃ Time/h Hardness/HV Ave/HV 
0 0 362.2 373.2 376.3 393.4 408.1 382.64 
400 10 367.6 385.6 406.2 406.1 399.2 392.94 
 20 364 378.4 373.8 400.7 382.5 379.88 
 30 391.8 389.8 382.5 267.8 380.3 362.44 
 40 384.9 362.5 355.7 373.3 367.7 368.82 
600 5 405.3 415.7 410.7 428.2 406.1 413.2 
 10 407.5 429.1 389.7 413.5 396.3 407.22 
 15 373.3 377.1 416.2 394.5 405.8 393.38 
 20 394.2 373.1 388.8 377.7 388.1 384.38 
800 5 291.2 329.3 308.2 331.1 310.5 314.06 
 10 275.3 308.6 334.9 295.1 325.7 307.92 
 15 308.3 307.4 322.2 300.2 324.4 312.5 
 20 324.4 261.2 327 305.5 307.8 305.18 
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Figure 44. The hardness of loaded Ni-based superalloy in different conditions. 
 
Fig 44. shows the tendency over time of the Ni-based superalloy hardness changing with 
changes of temperature. Although hardness increased at the initial stages in 400℃ and 800℃, it 
decreased over time. 
Hardness increased slightly when the temperature shifted to 600℃ from 400 ℃, the 
increment of change is remarkable in the initial stage. However, at 800 ℃, hardness decreased 
sharply. This tendency shows that the mechanical properties and high temperature resistance of 
the Ni-based superalloy decreased over time and with prolonged exposure to high temperatures. 
The effect can be explained by the decomposition that took place during the strengthening phase 
which broke up and dissolved into a matrix material at a temperature too high for operating 
conditions. 
The hardness of a loaded Fe-based superalloy in different conditions was measured by 
nanoindentation, the results are presented in Table 13 and Fig 45. 
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Table 13. The hardness of a loaded Fe-based superalloy in different conditions. 
 
T/℃ Time/h Hardness/HV Ave/HV 
0 0 388.9 367.5 345.7 394 364.7 372.16 
400 10 391 364.8 342.2 388.1 339.5 365.12 
 20 364 387.8 362.4 260.4 363.5 347.62 
 30 308.3 324.7 362.4 329.3 337 332.34 
 40 401.8 344.6 355.7 344.8 338.9 357.16 
600 5 450.7 374.6 409.5 409.5 402.2 409.3 
 10 394.5 375.8 379.3 398.8 410 391.68 
 15 365.8 356.4 356.7 360.2 353.2 358.46 
 20 394.9 377.5 376.3 362.3 385.7 379.34 
800 5 241.1 215.5 236.3 237.5 207.6 227.6 
 10 254.4 273.3 234.6 229.3 255 249.32 
 15 245.2 234.8 245.6 253.8 309.5 257.78 
 20 297.8 254.7 249.8 271.4 252.8 265.3 
 
 
Fig 45. shows the tendency over time of the Fe-based superalloy hardness to change at 
different temperatures. Although it increased during the initial stage at 600℃, hardness decreased 
over time. 
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Figure 45. The hardness of loaded Fe-based superalloy in different conditions. 
 
The hardness tendency of the Fe-based superalloy is similar to the Ni-based superalloy. 
When the temperature increased to 800℃, Fe-based material hardness could only maintain a value 
of 200HV, which is much lower than the Ni-based material. 
Figs. 46, 47, and 48 show the comparison between Ni-based and Fe-based material 
hardness change at different temperatures. 
 
Figure 46. Hardness comparison at 400°C. 
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Figure 47. Hardness comparison at 600°C. 
 
 
 
Figure 48. Hardness comparison at 800°C. 
 
The above figures reveal that the hardness of the Ni-based material is always higher than 
the Fe-based material. In addition, the hardness fluctuation of the Ni-based superalloy is smaller 
than that of Fe-based superalloy. This result indicates that the Ni-based superalloy has a higher 
temperature resistance and better mechanical properties than the Fe-based superalloy. As a result, 
the Ni-based superalloy should have better stress relaxation resistance. 
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CHAPTER 4: CONCLUSION AND FUTURE WORK 
 
 
In this paper, two types of metal sealing rings were tested using accelerated simulation 
experiments. After experiment, their tissue morphology and the mechanism of stress relaxation in 
high temperature were concluded: 
1. Because the stress applied on the material did not exceed material’s limit, the primary 
failure mechanism is stress relaxation. Material morphology, component properties and 
mechanical properties were tested.  
2. The material’s resistance to stress relaxation increased slightly during initial stage and 
then decreased when temperature increased. 
3. The material’s resistance to stress relaxation increased slightly at the initial stage and 
then decreased as time increased. 
4. During service, grain coarsening and twins decomposition of the material made the 
stress relaxation resistance decrease. 
5. During service, the resistance of stress relaxation of material would decrease when 
precipitates and inclusion produced along the grain boundaries. 
6. Ni-based materials shows higher stress relaxation resistance than do Fe-based materials. 
Sealing application security is an inevitable problem associated with nuclear power. In this 
project, both materials indicated deterioration in their mechanical properties and stress relaxation 
resistance during the experiment. During service, corrosion and wear also detrimentally impacted 
the sealing ring performance.  
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